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Abstract
Rationale Spatial working memory is dependent on the ap-
propriate functioning of the prefrontal cortex (PFC). PFC ac-
tivity can be modulated by noradrenaline (NA) released by
afferent projections from the locus coeruleus. The coreuleo-
cortical NA system could therefore be a target for cognitive
enhancers of spatial working memory. Of the three classes of
NA receptor potentially involved, the α2 and α1 classes seem
most significant, though agents targeting these receptors have
yielded mixed results. This may be partially due to the use of
behavioural assays that do not translate effectively from the
laboratory to the clinical setting. Use of a paradigm with im-
proved translational potential may be essential to resolve these
discrepancies.
Objectives The objective of this studywas to assess the effects
of PFC-infused α2 and α1 adrenergic receptor agonists on
spatial working memory performance in the touchscreen con-
tinuous trial-unique non-matching to location (cTUNL) task
in rats.
Methods Young male rats were trained in the cTUNL para-
digm. Cannulation of the mPFC allowed direct administration
of GABA agonists for task validation, and phenylephrine and
guanfacine to determine the effects of adrenergic agonists on
task performance.
Results Infusion of muscimol and baclofen resulted in a
delay-dependent impairment. Administration of the α2 ago-
nist guanfacine had no effect, whilst infusion of theα1 agonist
phenylephrine significantly improved working memory
performance.
Conclusions Spatial working memory as measured in the rat
cTUNL task is dependent on the mPFC. Enhancement of nor-
adrenergic signalling enhanced performance in this paradigm,
suggesting a significant role for the α1 receptor in this
facilitation.
Keywords Workingmemory . Noradrenaline .
Prefrontal cortex . Rat . Touchscreen . Phenylephrine .
Guanfacine .Muscimol . Baclofen
Introduction
Among the many cognitive functions for which it is important,
the medial prefrontal cortex (mPFC) is perhaps most closely
associated with working memory, defined as the ability to
transiently maintain and manipulate task-relevant information
in a temporary buffer to guide performance (Arnsten et al.
1998; De Luca et al. 2003; Arnsten 2006). Support for a role
for the PFC in working memory includes the identification of
‘delay neurons’ in the PFC which fire during the delay between
the sample phase and the response (Fuster and Alexander 1971;
Kubota and Niki 1971), the observation that these neurons have
been shown to represent specific locations within the visual
field (Funahashi et al. 1989), and the finding that damage to
PFC can lead to delay-dependent impairments in working
memory (Dunnett 1990; Seamans et al. 1995; Floresco et al.
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1997). Understanding the neurobiological mechanisms by
which this structure performs such critical functions is essential
both from the perspective of correcting aberrant activity in the
context of physical or pathological insult, as well as in enhanc-
ing otherwise normal activity.
The catecholamine systems have long been known to play
a central role in the regulation of prefrontal-dependent work-
ing memory. Catecholamine depletion of both dopamine and
NA disrupts working memory performance to a level compa-
rable to that observed following a prefrontal lesion, although
performance is unaffected if dopamine depletion is reduced
from 87 to 56 % (Brozoski et al. 1979). Coull et al. (1995)
found that the mixed α1-α2 agonist clonidine dose-
dependently affected CANTAB spatial working memory per-
formance, with significant improvement at a higher dose of
clonidine, although which receptor was responsible for this
effect is unclear. Subsequently, the α2-R agonist guanfacine,
though not clonidine, was found to improve performance on
the same task (Jäkälä et al. 1999; see Chamberlain et al. 2006
for a review). It has since been established that pharmacolog-
ical modulation of prefrontal noradrenergic receptors can bi-
directionally shift working memory performance based on the
specific receptor sub-type targeted. Indeed, the α1 and α2
noradrenergic receptors (R) have been postulated to have op-
posing roles within the PFC (Arnsten 1997; Arnsten et al.
1998), with high affinity α2-R activation improving and
low-affinity α1-R stimulation impairing PFC function
(Arnsten 2000; Robbins and Arnsten 2009). One interpreta-
tion of these findings (Arnsten 2000) is that higher levels of
NA release, that activate α1-receptors, are associated with
stress that impairs spatial working memory according to an
inverted U-shaped function.
Functional consequences of noradrenergic receptor en-
gagement can also be influenced by other factors such as
baseline NA levels and the level of arousal at the time of drug
administration (Arnsten 2000; Birnbaum et al. 2004; Robbins
and Arnsten 2009). For example, whilst the α2-R agonists
clonidine and guanfacine have both been shown to improve
performance on delayed response tasks (Mao et al. 1999;
Avery et al. 2000), the majority of studies in which facilitation
was detected used rodent or monkey models of age- or exper-
imentally induced catecholamine depletion (e.g. Arnsten and
Goldman-Rakic 1985, 1990; Arnsten et al. 1988; Tanila et al.
1996). Similarly, whilst α2-R agonist-induced facilitation
can be reversed with an α2-R antagonist (Arnsten and
Goldman-Rakic 1985) and α2-R antagonist administra-
tion to the primate dorsolateral prefrontal cortex impairs
delay-dependent spatial working memory (Li and Mei
1994), the α2-R antagonist atipamezole has been found
to facilitate prefrontal-dependent attentional set shifting
(Lapiz and Morilak 2006) and attentional measures in
the stop signal reaction time task (Bari and Robbins
2013) in the rat.
Pharmacological manipulation of the α1 receptor has
yielded equally divergent results, with agonists found to both
impair (Arnsten et al. 1999; Mao et al. 1999) and facilitate
(Doze et al. 2011) spatial working memory performance. In
addition, α1 antagonists have been found to depress baseline
or reverse facilitated performance in a number of paradigms,
suggesting a potential role for this receptor sub-type in en-
hancement of prefrontal-dependent cognition (Lapiz and
Morilak 2006; Bari and Robbins 2013).
This study investigated the prefrontal adrenergic contribu-
tion to delay-dependent spatial working memory performance
in the touchscreen cTUNL task (Oomen et al. 2015) in young,
healthy rats. The contribution of the mPFC to task perfor-
mance is unknown. Performance in cTUNL is dependent on
the dorsal dentate gyrus of the hippocampus (Oomen et al.
2015), but this effect was found to be independent of the delay
condition between trials. The first experiment in the present
study, however, confirmed that the mPFC supports delay-
dependent performance in the cTUNL task using localised
microinfusion of GABAergic agonists, validating a mPFC-
dependent working memory deficit. Therefore, cTUNL can
be used to dissociate dentate gyrus and mPFC dysfunction,
by manipulating the delay condition between trials. In this
study, cTUNL was used to assess adrenergic modulation of
performance by using the α2 agonist guanfacine and the α1
agonist phenylephrine. Guanfacine was chosen due to its role
as a putative cognitive enhancer in the context of normal and
pathological ageing, as well as attention deficit hyperactivity
disorder (ADHD; Hunt et al. 1985; Arnsten et al. 2007). How-
ever, to our knowledge, no studies have yet assessed the effi-
cacy of this compound in non-catecholamine depleted rats.
Phenylephrine was selected to further investigate the potential
role of the α1 receptor in prefrontal function, with recent
evidence indicating a function for this receptor in mediating
the cognitive enhancing effects of the atypical psychomotor
stimulant modafinil in humans (Winder-Rhodes et al. 2010).
Materials and methods
Subjects
Nine (experiment 1), 18 (experiment 2a) and 14 (experiment
2b) experimentally naïve male Lister Hooded rats (Harlan,
UK) weighing a mean of 320 g (range 302–336 g) at the
commencement of behavioural training served as subjects.
At the time of drug administration, rats were 6–7 months of
age. Rats were housed in groups of 4 in a temperature and
humidity controlled room, under a 12-h alternating light/dark
cycle (lights off, 07:00). Behavioural testing was conducted
during the dark phase. Ad libitum access to water was provid-
ed throughout. One week following delivery, food was re-
stricted to maintain no less than 85 % of free-feeding weight
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throughout the entire experiment. All procedures were con-
ducted in accordance with the United Kingdom Animals
(Scientific Procedures) Act, 1986.
Behavioural apparatus
The behavioural apparatus consisted of 12 trapeze-shaped op-
erant chambers [Campden Instruments, UK; 30 cm (height)
x 33 cm (length)x 25 cm (width at screen) or x 13 cm (width at
magazine)] described elsewhere (Horner et al. 2013). Briefly,
chambers consisted of black Perspex walls, a perforated metal
grid floor, a transparent lid and a 15-in. touch-sensitive LCD
monitor. The touchscreen was covered with a black Perspex
mask (35.8 hx 28 w) with 15 response windows (3 rows of 5
locations). Response windows were 3.3 x 3.3 cm in size,
spaced 1.5 cm apart (lowest row 1.5 cm from the floor). A
food magazine equipped with a LED light and infrared beams
was situated opposite the touchscreen. This was connected to
an externally located pellet dispenser which provided palat-
able food reinforcement (45 mg 5-TUL AIN-76A dustless
pellets (TestDiet, Indiana, USA)) during cTUNL perfor-
mance. A click and tone generator and a LED house light were
mounted on a shelf above the behavioural arena. Each operant
chamber was individually enclosed within a sound attenuating
outer box. The behavioural task was controlled by in-house
code written in ABET II software (Lafayette Instruments Ltd.,
USA) running on an Intel E5200 Dual Core Pentium
(2.5 GHz) computer. Each chamber was also equipped with
infrared beam arrays at the front and rear of the arena to mon-
itor animal activity and an infrared camera to allow visual
inspection of behaviour.
cTUNL training
A detailed overview of the cTUNL paradigm is provided else-
where (Oomen et al. 2015). Briefly, at the start of each session,
a single screen location is illuminated with a white square (S+)
which must be touched to earn a reward. After a variable
delay, the same location (S-) is presented alongside a novel
location (S+). The animal must non-match to location by
touching the new S+, with the previously correct location
becoming the incorrect location on the next trial (see Fig. 1),
which continues throughout the rest of the session. Stimuli
remain on the screen until the animal has made a response.
The spatial separation between the target (S+) and sample (S-)
was defined as the number of empty locations between
stimuli.
For both cohorts of rats, the same training protocol was
implemented. The pre-training stage (to establish familiarity
with the touchscreen chamber and a basic instrumental re-
sponse) is identical to that of TUNL,which has been described
in detail elsewhere (Oomen et al. 2013). For cTUNL task
acquisition, rats received 14 days of 1-h training sessions
(max 98 trials) with a fixed inter-trial interval (ITI) of 2 s. Rats
were trained until individual performance reached a pre-set
criterion of 65% correct for two consecutive sessions (exclud-
ing correction trials). Once acquired, rats were rested and re-
tested weekly until surgery to avoid overtraining.
Following recovery from surgery, rats were re-baselined on
the task with a 2-s fixed ITI/delay (due to the continuous
nature of the task, the time period between one trial and the
next can be classified as both a delay and an ITI. It will be
referred to as a delay in this study). After reaching pre-surgery
performance levels, rats were transferred to a schedule in
which only separations 1 and 3 (i.e. 1 or 3 empty locations
between stimuli only, with no trials presented of separations 0
or 2; see Fig. 1) were used, with a variable delay of 1 and 6 s.
The elimination of separation 0 and 2 trials reduced the num-
ber of conditions for statistical analysis and was chosen on the
basis that the full range of spatial separations is theoretically
more relevant to a hippocampal manipulation (Oomen et al.
2015) than the prefrontal focus of this study. The variable
delay was introduced to tax working memory. Training con-
tinued until a criterion of two consecutive sessions at 65 %
correct trial performance (averaged across separations) was
reached.
Fig. 1 A schematic example of four potential trials of the cTUNL task.
The non-matching to location rule is maintained throughout. The novel
location (S+) on the previous trial becomes the familiar (S-) location on
the next trial. Separation can be manipulated by varying the number of
empty squares between stimuli (i.e. trials 2 and 3 are separation 1 trials,
whilst trial 4 is a separation 3 trial). Variable delays can be implemented
between trials
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Surgical procedures
All rats received bilateral implantation of 22-gauge indwelling
guide cannulas under deep isoflurane-induced anaesthesia.
Animals were secured in a stereotaxic frame, and the skull
was exposed by an incision along the scalp. This was followed
by a craniotomy, after which the guide cannulae (3 mm below
pedestal) were implanted at the following stereotaxic coordi-
nates: anteroposterior, 3.2 mm; lateral, 0.75 mm (both from
bregma); dorsoventral, −2.0 mm (from dura; Paxinos and
Watson 2013). Three jeweller screws and dental cement se-
cured the cannulae. Obdurators sat flush with the guide can-
nulae and remained in place throughout except during infu-
sions. After surgery, the scalp incision was sutured and post-
operative analgesia (metacam; 0.75 mg/0.15 mls.c) and warm
saline (37 °C; 0.5 mls.c) were administered. Rats were placed
in singularly housed heated cages in a dark room overnight,
with ad libitum access to water and food after anaesthetic
recovery. Ad libitum food and water access continued for
7 days postoperatively before animals were returned to behav-
ioural testing (with food restriction). Rats were singularly
housed for the remainder of the experiment to avoid cannula
damage.
Infusion procedure
An experimental timeline is provided in Fig. 2. Rats were
habituated to infusions with a session in which
the infusion needle was lowered into the cannulae follow-
ed a day later by a session in which an infusion of vehicle
(at comparable volume and rate to the experimental infu-
sions) was given. Following dose pilot infusions, rats in
experiment 1 received bilateral infusions of vehicle or a
cocktail of the GABAA receptor agonist muscimol
(0.00825 nmol/0.3 μl, Sigma-Aldrich, UK) and the
GABAB receptor agonist baclofen (0.0825 nmol/0.3 μl,
Sigma-Aldrich, UK). These doses were selected on the
basis of pilot infusions in which higher concentrations
were found to be sedative (data not shown).
Rats in experiment 2a received bilateral infusions of vehi-
cle (0.5 μl saline, 0.9 %), guanfacine hydrochloride (0.01 μg/
0.5 μl or 0.1 μg/0.5 μl in 0.9 % saline, Sigma-Aldrich, UK) or
phenylephrine hydrochloride (0.01 μg/0.5 μL or 0.1 μg/
0.5 μL in 0.9 % saline, Sigma-Aldrich, UK). Doses for phen-
ylephrine were adopted from (Arnsten et al. 1999).
Guanfacine doses were based on Ramos et al. (2006) and
increased 100–1000-fold in accordance with the findings of
Franowicz and Arnsten (1998) and Avery et al. (2000) which
suggested that higher guanfacine doses were required in non-
catecholamine depleted animals. Given the limited number of
microinfusions possible prior to causing tissue damage at the
infusion site, a follow up study (experiment 2b) used a wider
range of guanfacine doses (0.001 μg/0.5 μl, 0.0001 μg/0.5 μl,
0.00001 μg/0.5 μl in 0.9 % saline) compared to vehicle (0.9%
saline) but did not extend the dose range for phenylephrine
due to the establishment of an effective dose within the initial
dose range. Higher doses were not used based on pilot work
indicating a sedative effect (data not shown).
For both experiments, infusions were administered in a
counterbalanced, within-subjects design to prevent learning
effects interfering with potential drug effects. Rats were
assigned to counterbalanced groups based on the number of
days required to reach criterion (65 % correct overall) on the
post-surgery testing schedule (including separations 1 and 3
only, and delays of 1 or 6 s). A latin square design was used to
ensure equal numbers of rats received each dose condition on
any given infusion day, with no rats receiving each dose con-
dition in the same order of infusions. Rats were mildly re-
strained, the infusion cannula (28 gauge) lowered into the
guides for 1 min pre- and post-infusion. Simultaneous bilater-
al infusions were administered via two 10-μl Hamilton syrin-
ges linked to the cannula via propylene tubing. A precision
syringe pump (Harvard Apparatus, Inc.) drove the syringes at
a flow rate of 0.15 μL/min (experiment 1) or 0.25 μL/min
(experiment 2). Rats were tested within 10 min of infusions.
A 48-h washout period was implemented between each infu-
sion, during which one testing session was administered.
Histology
Following completion of behavioural testing, rats were deeply
anaesthetised (0.2 ml pentobarbital, i.p.) and transcardially
perfused with 0.1 M phosphate-buffered saline followed by
neutral-buffered formalin (NBF). Brains were post-fixed in
NBF, transferred to 30 % sucrose in dH2O and, once
cryoprotected, sliced into 60-μm sections using a cryostat.
Sections were stained with Cresyl Violet for placement assess-
ment, verified using a reference atlas (Paxinos and Watson
2013). Whilst it is acknowledged that the mPFC constitutes
a range of subregions associated with specific functional and
anatomical features such as the division between the medial
(medial precentral, dorsal anterior cingulate areas and dorsal
part of prelimbic cortex) and the ventral mPFC (ventral
prelimbic cortex, infralimbic cortex and medial orbital areas;
Heidbreder and Groenewegen 2003), the current study did not
aim to differentiate and compare functions across different
subregions. Therefore, individual rats were only excluded if
placements were outside the mPFC, defined as the combined
medial and ventral mPFC (Heidbreder and Groenewegen
2003).
Analysis and statistics
Task accuracy was the main dependent variable, expressed as
the percentage of correct responses [(correct trials/total trials)
x 100] excluding correction trials. Prior to analysis, all data
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points were converted to z scores to identify potential outliers,
defined as values more than ±2.5 standard deviations away
from the mean. As recommended by Field (2013), outliers
were removed and replaced with the group mean ±2 standard
deviations (i.e. the extremity of the outlier was reduced from
±2.5 to ±2 standard deviations away from the mean). The
modified % correct score was then used for statistical analysis.
In experiment 1 and 2b, no outliers were detected. In experi-
ment 2a, three outliers were detected and replaced in the
guanfacine data set. In the phenylephrine data set, four outliers
were detected and replaced. Note that there were 12 individual
mean % correct scores associated with each rat (drug [high,
low, vehicle] * separation [1 and 3] * delay [1 and 6 s]) in a
data set of 18 rats, resulting in a total of 216 mean values, of
which a maximum of 4 were identified as outliers within a
single data set (the phenylephrine data set).
Latency scores on individual trials exceeding 5 s were
excluded, and the median value across the session was
used for analysis. Repeated measures ANOVA were used
with separation, delay and drug as within-subject factors.
Significant interactions were followed up using Sidak’s
correction.
Results
Histology
An overview of mPFC cannula locations for experiment 1
(muscimol-baclofen cocktail) is presented in Fig. 3. One rat
was excluded from this study due to compromised tissue. A
similar overview of cannula locations for experiment 2 (phen-
ylephrine and guanfacine) is presented in Fig. 4. No rats were
excluded from this experiment.
Infusion of muscimol-baclofen into mPFC disrupts
cTUNL performance at long delays
High concentrations of muscimol and baclofen (0.033 and
0.33 nmol, respectively) led to sedative effects resulting in
a lack of trial completion (data not shown). Lowering the
concentration (muscimol = 0.0165 nmol, baclofen =
0.165 nmol) led to a non-specific reduction in percentage
correct across long and short delays (data not shown).
Using further reduced concentrations of 0.00825 and
0.0825 nmol for muscimol and baclofen, respectively, a
drug by delay interaction was identified, in which rats per-
formed significantly worse following infusion of muscimol
and baclofen compared to vehicle specifically when the
delay was long (F(1,7)=7.718, p=0.027; see Fig. 5). A
main effect of delay (F(1,7)=31.888, p=0.001) and sepa-
ration (F(1,7)=40.373, p=0.0001) was also observed, in
which performance was significantly higher when delays
were short (p=0.0001) and separations were large (p=
0.0001). Animals completed all trials within a session, on
all infusion conditions, and no differences in latencies were
observed (Table 1). Performance during washout period
(76.0±1.8) did not differ from that on the vehicle-infused
day (73.4±1.8, p>0.05).
Fig. 2 A schematic overview of the experimental procedure adopted for
experiment 1 (muscimol+baclofen cocktail vs. vehicle) and experiment 2
(phenylephrine and guanfacine vs. vehicle). The two experiments used
two different cohorts of rats. B=one (or more) baseline test sessions (no
infusion).Drop=habituation session where the infusion needle is lowered
into the cannula, but nothing is infused, followed by behavioural testing.
Vehicle infusion=habituation infusion followed by behavioural testing.
LS=latin square counterbalanced infusion design with one baseline test
session in between each infusion day. For the dose pilots in experiment 1,
all rats received two infusions (one vehicle, one muscimol+baclofen
cocktail). The difference between LS1 and LS2 in experiment 1 is
changes to the behavioural parameters of the task. For the dose pilot in
experiment 2, all rats received one infusion only (between subjects
design). The data presented is based on LS2 (muscimol+baclofen
cocktail vs. vehicle) for experiment 1 (n=9). For experiment 2a, data is
based on LS1 (phenylephrine and guanfacine vs. vehicle, n=18), and LS2
for experiment 2b (guanfacine vs. vehicle follow up, n=14). There was a
reduction in the n numbers between experiments 2a and b due to cannulae
loss
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Infusion of phenylephrine into mPFC enhances cTUNL
performance
Analysis of the five microinfusion conditions [vehicle, low
(0.01 μg/0.5 μL) and high (or 0.1 μg/0.5 μL) doses of phen-
ylephrine as well as low (0.01 μg/0.5 μl) and high (0.1 μg/
0.5 μl) concentrations of guanfacine] revealed a significant
interaction between drug, delay and separation (F(4,68)=
2.622, p=0.042). This interaction was driven by phenyleph-
rine, as a separate analysis of the two phenylephrine doses
and the vehicle infusion also resulted in a significant three-
way interaction of drug, delay and separation (F(2,34)=
3.819, p=0.032). Planned pairwise comparisons revealed that
the percent correct scores were significantly improved follow-
ing the low dose of phenylephrine compared with vehicle on
long delay trials when the separation was large (p=0.039; see
Fig. 6). There was no main effect of drug. As expected, a
significant main effect of delay (F(1,17)=52.302, p=0.0001),
separation(F(1,17)=49.627, p=0.0001) and a delay and sepa-
ration interaction (F(1,17)=20.078, p=0.0001) was revealed;
percent correct performance was significantly higher at 1 ver-
sus 6 s delays (p=0.0001) and at large versus small separation
trials (p=0.0001). The number of trials completed did not differ
between infusion conditions (the low phenylephrine dose saw
the lowest trial completion rate at 98.2 % completion). No
differences in latencies were observed (Table 2).
BAFig. 3 Histology for experiment
1 (muscimol-baclofen cocktail). a
Schematic of sections of the rat
brain (adapted from Paxinos and
Watson 2013) displaying the
location of placements for rats
infused with muscimol-baclofen
cocktail. The numbers represent
the mm distance from bregma. b
Example of Cresyl Violet stained
section displaying the location of
the guide cannula
BA
Fig. 4 Histology for experiment
2 (phenylephrine/guanfacine). a
Schematic of sections of the rat
brain (adapted from Paxinos and
Watson 2013) displaying the
location of placements for rats
infused with guanfacine and
phenylephrine. The numbers
represent the mm distance from
bregma. b Example of Cresyl
Violet stained section displaying
the location of the guide cannula
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Infusions of guanfacine into mPFC failed to affect cTUNL
performance
An initial 1-day pilot was undertaken to assess the suitability
of the guanfacine doses 0.01 μg/0.5 μl, 0.1 μg/0.5 μl and
1.0 μg/0.5 μl based on the possibility of this compound in-
ducing sedative effects. The highest dose prevented trial com-
pletion, and this dose was therefore not used subsequently
(data not shown).
Performance during intra-mPFC microinfusions of
low (0.01 μg/0.5 μl) and high (0.1 μg/0.5 μl) doses
of guanfacine did not differ from vehicle infusions
(Fig. 7). There was no significant effect of drug nor
an interaction of drug with delay or separation. As ex-
pected, a significant main effect of delay (F(1,17)=
55.351, p=0.001), separation (F(1,17)=50.576, p=
0.0001) and a delay and separation interaction (F(1,
17)=7.456, p=0.014) was revealed; percent correct per-
formance was significantly higher at 1 versus 6 s delays
(p=0.0001) and at large versus small separation trials
(p=0.0001). Animals completed all trials within a ses-
sion, on all infusion conditions, and no differences in
latencies were observed (Table 2). Performance during
washout period (71.9±1.0) did not differ from that on
the vehicle-infused day (72.3±1.8, p>0.05).
The follow up study with a lower range of guanfacine
doses did not reveal any significant effects of microinfusions
of guanfacine compared to vehicle (Fig. 8). As before, a main
effect of delay (F(1,12)=124.908, p=0.0001) and separation
(F(1,12)=43.086, p=0.0001) was observed, in which perfor-
mance was higher on short delays (p=0.0001) and large
Fig. 5 Effect of muscimol and baclofen mPFC microinfusion on
performance across delays (1 and 6 s) and separations (1 and 3).
Performance on 6-s delay trials was significantly impaired following
muscimol and baclofen infusions compared to vehicle. ***p<.001, n=
9. Repeated measures ANOVAwith drug, separation and delay as within-
subject variables (Sidak’s correction). Error bars±SEM
Table 1 Latency to respond in experiment 1 (muscimol-baclofen
cocktail). The group average of the individual median correct response
latency, incorrect latency and reward response latency for infusion
sessions is presented in seconds. There were no significant differences
in correct (F(3,39)=0.445, p=0.723), incorrect (F(1,7)=1.008, p=0.349)
or reward collection latency (F(1,7)=0.824, p=0.394)
Infusion Correct response Incorrect response Reward collection
Mean SEM Mean SEM Mean SEM
Vehicle 1.491 0.092 1.832 0.106 1.326 0.054
Muscimol+baclofen cocktail 1.514 0.093 1.770 0.140 1.372 0.054
Fig. 6 Effect of phenylephrine mPFC microinfusions on performance
across delays (1 and 6 s) and separations (1 and 3). Performance on 1-s
delay trials was not influenced by phenylephrine infusions (a). Perfor-
mance on 6-s delay trials was significantly higher when the separation
was large compared to vehicle (b). *p<.05, n=18. Repeated measures
ANOVA with drug, separation and delay as within-subject variables
(Sidak’s correction). Error bars±SEM
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separations (p=0.0001). The number of trials completed did
not differ between infusion conditions (the low guanfacine
dose saw the lowest trial completion rate at 99.0 % comple-
tion). No differences in latencies were observed (Table 3).
Performance during washout period (74.7±0.8) did not differ
from that on the vehicle-infused day (74.9±1.3, p>0.05).
Discussion
The present experiments aimed to test whether the cTUNL
task, like TUNL (McAllister et al. 2013), is sensitive to
Table 2 Latency to respond in experiment 2a (phenylephrine and
guanfacine vs vehicle). The group average of the individual median
correct response latency, incorrect latency and reward response latency
for infusion sessions is presented in seconds. There were no significant
differences in correct (F(4,68)=1.166, p=0.334), incorrect (F(4,68)=
1.002, p=0.413) or reward collection latencies (F(4,68)=0.441, p=
0.778)
Infusion Correct response Incorrect response Reward collection
Mean SEM Mean SEM Mean SEM
Vehicle 1.822 0.097 2.081 0.112 1.528 0.048
Guanfacine low 1.697 0.087 2.030 0.088 1.518 0.053
Guanfacine high 1.798 0.086 1.902 0.078 1.494 0.038
Phenylephrine low 1.741 0.088 2.098 0.092 1.514 0.056
Phenylephrine high 1.813 0.085 2.030 0.082 1.495 0.044
Fig. 7 Effect of guanfacinemPFCmicroinfusions on performance across
delays (1 and 6 s) and separations (1 and 3). Performance on neither 1-s
delay trials (a) nor 6-s delay trials (b) was affected by guanfacine infu-
sions. N=18. Repeated measures ANOVAwith drug, separation and de-
lay as within-subject variables (Sidak’s correction). Error bars±SEM
Fig. 8 Effect of follow up doses of guanfacine mPFC microinfusions on
performance across delays (1 and 6 s) and separations (1 and 3).
Performance on neither 1-s delay trials (a) nor 6-s delay trials (b) was
affected by lower guanfacine infusions. N=14. Repeated measures
ANOVA with drug, separation and delay as within-subject variables
(Sidak’s correction). Error bars±SEM
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prefrontal dysfunction, as well as to investigate the effects of
local adrenergic system modulation on task performance by
administration of the α2 receptor agonist guanfacine and the
α1 receptor agonist phenylephrine in healthy, young rats.
Temporary mPFC inactivation by the GABA agonists
muscimol and baclofen resulted in an expected delay-
dependent performance deficit, in which performance was
unaffected at short delays. Guanfacine did not alter behaviour,
whilst administration of low doses of phenylephrine signifi-
cantly improved performance. This was specific to trials
where working memory was taxed through long delays, and
stimulus separation was large. On these large separation trials,
there may be reduced need for hippocampal-dependent pattern
separation processes, as the similarity between the locations
represented is low (Talpos et al. 2010; McAllister et al. 2013).
This perhaps makes some sense given that the hippocampus,
and not mPFC, is required when separations are small (and
delay is short) on a similar touchscreen task (Talpos et al.
2010; McAllister et al. 2013). It is worth nothing that there
were no observed changes in latencies to respond or collect
rewards following any manipulation nor was trial completion
affected. In addition, performance was never altered when
working memory was not taxed (1 s delay condition), demon-
strating normal knowledge of the non-matching rule, as well
as a lack of gross motor or motivational changes influencing
task performance.
The current study is, to our knowledge, the first demonstra-
tion of a cognitive enhancing effect of phenylephrine. This
finding contrasts with that of Arnsten et al. (1999) in which
mPFC administration resulted in an impairment on delayed
alternation performance in the T-maze in young rats. Howev-
er, the delay was not manipulated within each animal in
Arnsten et al. (1999), but rather maintained at an individual
length for each rat in order to achieve a uniform performance
level of 80 %. These discordant results may therefore be due
to the differential taxing of working memory in the two stud-
ies. Our finding of a putative cognitive enhancement via en-
gagement ofα1 receptors is consistent with the dependence of
some of the cognitive enhancing effects of modafinil on this
sub-type (Duteil et al. 1990; Lin et al. 1992; Stone et al. 2002).
It is particularly notable that the phenylephrine-mediated ef-
fect in this study was detected in the most challenging delay
condition as administration of the α1 antagonist prazosin re-
versed the cognitive enhancing effects of modafinil on the
One-Touch Stockings of Cambridge planning task only at
the most challenging task manipulations. This is suggestive
of a role for the α1 receptors in the mediation of enhanced
cognitive function (Winder-Rhodes et al. 2010) under relative-
ly specific conditions of cognitive demand. Such findings are
probably also relevant to recent findings of improved CAN-
TAB spatial working memory performance following
modafinil in healthy volunteers (Müller et al. 2013) and pa-
tients with schizophrenia (Scoriels et al. 2012).
Optimal levels of PFC NA enhance working memory via
persistent delay-related neuronal firing (Fuster and Alexander
1973; Funahashi et al. 1989; Courtney et al. 1998; Zarahn
et al. 1999; Postle et al. 2000). A recent set of experiments
found that NA evoked persistent neuronal firing in the PFC
through α1 receptors when examining NA effects on pyrami-
dal neurons using combined patch clamp recordings and
optogenetics in acute brain slices. Phenylephrine application
induced long-lasting, persistent PFC pyramidal neuronal fir-
ing, whilst the application of prazosin blocked the NA-evoked
persistent response. In contrast, the α2 agonist clonidine did
not induce long-lasting, persistent PFC pyramidal neuronal
firing, whilst the α2 antagonist yohimbine partially blocked
NA-evoked persistent firing (Zhang et al. 2013). Clearly, there
is a need for further investigation of the conditions under
which stimulation of α1 receptors is cognitively beneficial
and the extent to which this can be demonstrated across spe-
cies using translational tasks assessing prefrontal function.
The lack of a cognitive enhancing effect of guanfacine in
this study may appear surprising given the status of this com-
pound as a putative cognitive enhancer. However, the baseline
level of NE signalling in the young, healthy animals used in
these experiments may account for this discrepancy. Specifi-
cally, whilst mostly beneficial effects of guanfacine adminis-
tration have been reported in aged species with naturally oc-
curring catecholamine depletion, less beneficial effects have
been demonstrated in young animals with intact
Table 3 Latency to respond in experiment 2b (guanfacine vs vehicle).
The group average of the individual median correct response latency,
incorrect latency and reward response latency for infusion sessions is
presented in seconds. There were no significant differences in correct
(F(3,39)=0.445, p=0.723), incorrect (F(3,39)=0.239, p=0.871) or
reward collection latencies (F(3,39)=0.159, p=0.923)
Infusion Correct response Incorrect response Reward collection
Mean SEM Mean SEM Mean SEM
Vehicle 1.713 0.094 2.012 0.084 1.479 0.049
Guanfacine low 1.800 0.059 2.017 0.097 1.496 0.039
Guanfacine middle 1.733 0.104 1.959 0.105 1.499 0.038
Guanfacine high 1.702 0.085 1.927 0.091 1.480 0.043
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catecholamine systems. For example, in aged monkeys, sys-
temic and centrally administered guanfacine (Arnsten et al.
1988; Arnsten and Goldman-Rakic 1990; Rämä et al. 1996,
Arnsten 1997), medetomidine (Rämä et al. 1996) and cloni-
dine (Arnsten and Goldman-Rakic 1990) have been demon-
strated to improve spatial working memory task performance.
Similarly, systemic administration of medetomidine (Carlson
et al. 1992) and microinfusions of guanfacine (Ramos et al.
2006) or medetomidine (Tanila et al. 1996) into the prelimbic
cortex of aged rats enhanced spatial working memory perfor-
mance (although see Sirviö et al. 1992 and Decamp et al. 2011
for a lack of enhancement in aged rats and monkeys respec-
tively). However, the same improvements have not been dem-
onstrated in young adult rats (Carlson et al. 1992; Tanila et al.
1996).
In the context of younger animals, sensitivity to enhance-
ment through systemic administration of clonidine has been
achieved in monkeys following catecholamine depletion ei-
ther specific to the PFC (Arnsten and Goldman-Rakic 1985)
or more globally (Cai et al. 1993). In the absence of lowered
baseline NA firing, infusions of guanfacine into dorsolateral
PFC in young healthy monkeys (Mao et al. 1999) and
guanfacine in human volunteers (Jäkälä et al. 1999; Swartz
et al. 2008) facilitates spatial working memory performance.
However, in cases where cognitive enhancement has been
demonstrated via systemic α2 agonists, higher doses than
those used with aged or catecholamine depleted animals are
required in order for enhancement to be observed (Jackson
and Buccafusco 1991; Franowicz and Arnsten 1998;
Franowicz and Arnsten 1999; Li et al. 1999; Avery et al.
2000). Some studies have reported no effects of theα2 agonist
medetomidine in young control rats, whilst reporting benefi-
cial effects with aged rats in the same experiment; such find-
ings emphasise the importance of age-related catecholamine
depletion in the effectiveness of α2 agonism (Carlson et al.
1992; Tanila et al. 1996). If α2 agonist-induced facilitation of
performance is related to the chronic central monoaminergic
and cholinergic depletion in aged rats, and thus an unregulated
sensitivity at PFC α2 receptor sites in the aged species (Luine
and Hearns 1990; Luine et al. 1990), it is possible that an
enhancement in performance of rats on cTUNL could be ob-
served under more challenging task parameters (such as an
increase in the delay), or through the use of natural or exper-
imentally induced catecholamine depletion.
As with the previous report of mPFC infused
phenylephrine-driven impairments in rats (Arnsten et al.
1999), the only study in which guanfacine has previously been
infused into the (aged) rat mPFC and yielded a cognitive en-
hancement also assessed behaviour using the T-maze (Ramos
et al. 2006). The difference in the tasks used in these and the
current study could be a significant contributor to the discor-
dant findings. The restriction of only two locations within the
T-maze may promote the use of idiothethic strategies rather
than spatial strategies to solve the task, which may reduce the
demand on spatial working memory. In contrast, the cTUNL
paradigm utilises 15 potential response locations, minimising
the utility of alternative and/or mediating strategies to reduce
working memory load during the delay. It is possible that the
T-maze and the cTUNL task differ in their sensitivity to
prefrontally mediated working memory processes under cer-
tain conditions, potentially resulting in a different functional
response to noradrenergic receptor engagement.
In summary, this study presents the first demonstration of a
cognitive enhancing effect of phenylephrine on spatial work-
ing memory and highlights the potential for targeting the α1
receptor for facilitation of performance in the context of a
young and healthy prefrontal cortex. This was achieved using
a novel touchscreen paradigm for measuring spatial working
memory in rodents, validated as sensitive to prefrontal inacti-
vation in a delay-dependent manner, and thus illustrating the
capacity of the task to detect both facilitation and impairment
of prefrontally mediated cognition.
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